The rates of true and apparent photosynthesis of two unicellular green algae, one diatom and four blue-green algae were measured in buffer at pH 8.0 at subsaturating concentrations of dissolved inorganic carbon (13-27 micromolar). Initial rates of depletion from the medium of inorganic carbon and "C activity caused by the algae in a closed system were measured by gas chromatography and by liquid scintillation couating, respectively. The rate of photorespiration was calculated as the difference between the rates of apparent and true photosynthesis. The three eucaryotic algae and two blue-green algae had photorespiratory rates of 10 to 28% that of tre photosynthesis at air levels of 02. Reduction of the 02 level to 2% caused a 52 to 91% reduction in photorespiratory rate. Two other blue-green algae displayed low photorespiratory rates, 2.4 to 6.2% that oftrue photosynthesis at air levels of 02, and reduction of the 02 concentration had no effect on these rates. (668) were obtained from the culture collection ofalgae at the University of Texas, Austin (culture collection numbers in parentheses). Phormidium molle was a gift from Dr. S. R. Brown, Queen's University, Kingston, Ontario.
PR2 can be defined as the oxygen-sensitive loss of CO2 during photosynthesis. This process is characteristic of C3 plants and can be stimulated by an increase in temperature or 02 concentration. The rate of PR can be determined directly by the difference between the TPS as measured by the initial rate of "CO2 uptake, and the APS, as measured by the initial rate of net CO2 uptake (15) .
IRGA is used with leaves of terrestrial plants to measure CO2 exchange and thus obtain rates of PR. This technique also has been used with algae (3, 10, 17) and PR was not detected. However, the IRGA technique depends upon rapid equilibration of dissolved and gaseous CO2 and can only be used at acid pH (pH [4] [5] . It, therefore, precludes measurement of PR in algae under the alkaline conditions of many natural waters. At alkaline pH, CO2 is only a small proportion of the total DIC and much of the CO2 evolved by the cells in light would immediately combine with OH-to form HCO3 . Such an efflux of CO2 would not be detected using IRGA. We have used a gas chromatographic method (4) together with liquid scintillation counting to measure the depletion of total DIC and simultaneous depletion of 14C carbon by algae in a closed system and have detected photorespiratory loss of CO2 in several algal species.
MATERUILS AND METHODS
Axenic cultures ofAnabaenaflos-aquae (Lyngbye) Breb (1548), Chlorella vulgaris Beijerinck (259), Chlamydomonas reinhardtii Dangeard (90) and Navicula pelliculosa (Breb.) Hilse (668) were obtained from the culture collection ofalgae at the University of Texas, Austin (culture collection numbers in parentheses). Phormidium molle was a gift from Dr. S. R. Brown, Queen's University, Kingston, Ontario.
Algae were grown in batch culture without the addition of supplementary CO2 as previously described (4) . Cells were harvested by centrifugation at 3,000g for 10 min, and resuspended in 50 mM K-phosphate (pH 7.8-8.0) which had been previously flushed with either 'COrfree' N2 or air to establish low or airsaturated levels of dissolved 02. The algal suspension was contained in an illuminated, water-jacketed cylindrical glass vessel sealed from the air with a layer of mineral oil as previously described (7) and the algae maintained in suspension by stirring with a magnetic stirrer. Light intensity for photorespiration measurements was 4 x 105, w cm-2. All assays were performed at the temperatures used for growth of the algae. NaH 4CO3 (2) (3) (4) (5) (6) (7) (8) (9) (10) iCi) was added to the cells and a 3 to 5 ml sample withdrawn in a syringe to determine the initial total DIC and 4C activity. Following separation of the cells by membrane filtration(4), 0.5 ml cellfree medium was added to 0.5 ml ethanolamine in a scintillation vial, and 0.25 to 0.5 ml injected directly into a modified gas chromatograph to determine total DIC (4). The depletion of DIC and radioactivity in the medium was similarly determined at timed intervals, after the lights had been turned on. To monitor release of acid-stable "4C-labeled compounds during photosynthesis, 0.5 ml cell-free medium was added to 0.5 ml 50%o glacial acetic acid and gently flushed with CO2 gas for 20 to 30 min prior to addition of 10 ml Bray's cocktail for liquid scintillation counting.
Rates of true photosynthesis, apparent photosynthesis and photorespiration were calculated from the rates of 14C uptake and DIC uptake in the light following the method of Hew et al. (15) .
The rate of TPS was calculated from the initial rate of depletion of 14C activity in the medium over the initial 2 to 4 min of photosynthesis; the rate of APS calculated from the initial rate of DIC depletion over the initial 2 to 4 min of photosynthesis; and the rate of CO2 evolution (PR) obtained as the difference between these rates (i.e. PR = TPS -APS). Compensation points were measured as previously described (4) . Chi content of algal suspensions was determined after extraction with methanol or 901% acetone (4) .
RESULTS
Suspensions of algae in phosphate buffer (pH 7.8-8.0) photosynthesizing in a closed system caused an initial rapid depletion of both 14C and total DIC from the medium (Figs. 1 and 2 ). In the light, the DIC concentration rapidly approached compensation point levels. In experiments with the green algae and Navicula suspended in air-saturated buffer, the specific radioactivity of the DIC in the medium decreased in light indicating that unlabeled CO2 was being released from the algal cells (Fig. 1) . In contrast, the decrease in specific activity of 14C external to Coccochloris in air-saturated buffer was gradual, indicating a very slow release of (0), "C (0), and specific radioactivity of '4C (A) in the suspending medium of Coccochloris peniocystis during photosynthesis. Acid-stable 14C material released during photosynthesis is also indicated (O).
unlabeled CO2 in the light (Fig. 2) .
The results of these experiments were used to calculate the rate of PR of the algae assuming that the depletion of 14C is a measure of the rate of TPS, the rate of depletion of DIC a measure of APS and that the rate of PR is the difference between these rates.
Because of the possible recycling of photoassimilated 14C, only the initial rates of depletion of DIC and 14C, i.e. those obtained within the first 2 to 4 min of incubation in light, were used to estimate PR rates. However, as can be seen in Figures 1 and 2 , the decrease in specific activity of the DIC of the medium was linear over the first 5 min ofthe experiments indicating that little, if any, recycling of '4C was occurring.
It is known that during photoassimilation of "4CO2, algae release 14C-labeled compounds into the surrounding medium (14) . Such a release could lead to anomalies in the determination of the rate of 14C depletion in the medium. However, the amount of acidstable 14C released into the medium during the first 10 min was only 1 to 2% of the initial radioactivity ( Figs. 1 and 2) and was, therefore, discounted during calculations.
The calculated rates of PR in seven algae are shown in Table I The three eucaryotic algae Chlamydomonas, Chlorella, and Navicula, and two of the procaryotic blue-green algae, Anabaena and Anacystis, displayed rates of PR ranging from 10 to 28% of the rate of true photosynthesis in air-saturated media. Lowering the 02 level caused highly significant decreases (52-91%) in the rate of PR (Table I) . Coccochloris and Phormidium, the other bluegreen algae examined, displayed low rates of PR at air levels of 02(2.4-6.2% TPS) similar to PR rates obtained in the other algae under low 02 conditions. Reduction of the 02 concentration did not affect the rate of PR in these two blue-green algae.
CO2 compensation points of the seven algae determined under similar conditions to the PR measurements are shown in Table II .
The 02 sensitivity of these equilibrium values parallels the effects of 02 on the rate of PR: significant decreases in equilibrium DIC at reduced 02 levels were observed in those algae which exhibited 02-sensitive rates of PR (Table I) . The PR efflux of CO2 was only detectable in the algae in experiments where the initial concentration of DIC was below the level of saturation for photosynthesis. In experiments where the initial concentration of DIC was saturating, little PR could be detected in air-saturated medium (Table III) .
DISCUSSION
Attempts to detect and measure PR in algae have previously used two techniques: the measurement of gas exchange with an IRGA (3, 18) or the monitoring of "4CO2 efflux in light at acid pH from algae previously incubated in 14CO2 (6, 11, 23) . Measurements of CO2 exchange using IRGA systems have generally failed to demonstrate an 02sensitive release of CO2 in light (3, 18) , and while the 14C assay has demonstrated some PR "4CO2 release (6, 11, 23) , the magnitude of the process was difficult to estimate inasmuch as the specific activity of the released G4CO2 was unknown. Additional indirect evidence for the presence of PR in algae is the demonstration that the compensation points of large marine algae and some microscopic algae are sensitive both to an increase in 02 concentration and temperature (4, 5, 7, 9) .
The results of the present study, using a closed aqueous system and a sensitive technique to measure DIC concentration, clearly demonstrate the existence of 02-sensitive CO2 release in the light in some eucaryotic freshwater algae and two blue-green algae during photosynthesis at low external DIC concentrations (Table  I) . In these algae, a decrease was observed in the specific radioactivity of the inorganic carbon dissolved in the medium around the algae cells (e.g. Fig. 1 CO2 loss is characteristic of PR in higher plants. These results also indicate that two blue-green algae have very low rates of CO2 release in the light (Fig. 2 , Table I ) and such CO2 release that occurs is not sensitive to changes in 02 concentration. It should be noted that while a lowering of 02 concentration causes a drop in the rate of PR and an associated rise in the rate of APS, there is no consistent concomitant rise in the rate of TPS (Table I) . This is partially due to experimental variability since at the very low DIC concentrations used it is not possible to duplicate exactly the DIC concentrations between any two experiments. Differences therefore between TPS and APS (i.e. PR) within an experiment are more easily observed than the enhancement of TPS by lowering the 02 concentration, an observation that would be apparent only between separate experiments.
Rates of PR in leaves are rarely reported on a Chl basis, which makes it difficult to compare these results with actual rates of PR in terrestrial plants. However, PR rates of C3 plants have been variously reported as ranging from 25 to 75% of APS (22) or 9 to 21% of TPS (17) in air. The 02-sensitive eucaryotic and blue-green algae examined in the present study also have rates of PR at air levels of dissolved 02 that are similar to terrestrial C3 plants (Table  I) .
It should be emphasized that 02-sensitive CO2 release is detectable only in the algae examined at subsaturating DIC levels, i.e. <50 ,lM DIC (Table III) , which is in agreement with recent reports that high CO2 concentrations inhibit PR in C3 plants (2) . This suggests that under natural conditions, PR CO2 release in these algae would not occur. a As described in Table I .
The presence of PR CO2 release in some of the algae studied is supported by a corresponding 02 sensitivity of the CO2 compensation points of these algae. The absolute values of the compensation points of most microalgae studied have been shown to be very low (3-5, 7, 11, 18) and are of the same magnitude as those of C4 plants. Unlike compensation points of C4 plants, those of some microalgae are reported to be sensitive to both 02 concentration and temperature (4, 7) and similar results have been obtained in the present study (Table II) . The results indicate that those algae which demonstrate some PR CO2 release also demonstrate a corresponding 02 sensitivity of the CO2 compensation point while two blue-green algae, Phormidium and Coccochloris, which have low rates of 02-insensitive CO2 release in light also exhibit low, 02-insensitive, CO2 compensation points.
It is evident that many microalgae take up inorganic carbon in the form of HCO3 (1, 8, 11, 12, 16, 19, 20) , causing an accumulation of inorganic carbon in the cells (1, 8, 16, 21) which results in the maintenance of low CO2 compensation points. The drop in specific radioactivity of '4C-inorganic carbon external to algae which has been measured in the present study, appears to be inconsistent with the presence of an active uptake system. A possible explanation of this apparent anomaly is that photorespired CO2 diffusing into the alkaline medium surrounding the cell would immediately combine with OH-to form HCO3 ions, and HCO3 formed external to the cell would freely exchange with the bulk HCO3 in the medium and dilute its specific radioactivity. Thus, while 02-sensitive algae at low external DIC concentrations may be unable to maintain internal CO2 concentrations sufficient to saturate RuBP carboxylase, they may possess an efficient C02-scavenging system mediated by an active HCO3 uptake mechanism. The advantage conferred on algae possessing active HCO3 transport systems at alkaline pH would be lost to some degree at acid pH and this is consistent with the observation that algal CO2 compensation points increase 10-to 20-fold at acid pH (4).
All the algae examined in this study exhibit some CO2 release in light which is insensitive to changes in 02 concentration and thus is clearly not due to PR (13) . In the case of some algae, it may represent a low level of oxidative respiration occurring in the light, although in the case of two algae, Chlamydomonas and Coccochloris, the rates of CO2 release in light are very much lower than the rates of dark respiration (7) . It is evident from various studies that inorganic carbon accumulates in algal cells in high concentrations (1, 8, 16, 21) and that the internal pH of the cells lies in the range of pH 7.6 to 7.9 (8) . Under these conditions, there will be a small internal pool of free CO2 and when the external pH is higher than the internal pH, this CO2 will diffuse out down a concentration gradient. Thus, in the blue-green algae Coccochloris and Phormidium, which can maintain internal C02 concentrations high enough to saturate RuBP carboxylase, the O2-insensitive C02 release in light may represent a back flux of C02 down a concentration gradient from internal CO2 pools accumulated by active HC03 transport.
